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Diesel engineThe reduction of emissions from diesel engines has been one of the primary elements in obtaining
improvements in air quality and greenhouse gas reduction goals. Dimethyl carbonate (DMC) is an oxy-
genate fuel that can be used in petroleum diesel that is been lightly studied, but could provide significant
reductions in particulate matter (PM) emissions from internal combustion engines. This study evaluated
the emissions impacts of 5%, 12.5%, 20%, and 30% blends of DMC in a California diesel fuel. DMC showed
PM reductions increased with increasing DMC blend levels, ranging from 30% to 78% for the DMC5 to
DMC30 blends. In contrast, particle number emissions increased with increasing DMC levels, which could
be attributed to the enhanced formation of small nucleation particles as the levels of larger accumulation
particles were reduced. NOx emissions showed increases of 3.2% and 3.1%, respectively, for the higher 20%
and 30% blends, but no statistically significant differences for the 5% and 12.5% blends. Carbon monoxide
(CO) emissions showed strong reductions from 26.3% to 60.9% with DMC blending, while total hydrocar-
bons (THC) emissions showed increases from 32.5% to 137% with DMC. Most of the hydrocarbon species
showed increases with increasing DMC blend levels, including benzene and most mono-aromatic hydro-
carbons. Similarly, formaldehyde and acetaldehyde showed statistically significant increases with DMC
blending relative to diesel fuel. The carbon dioxide (CO2) emissions and brake specific fuel consumption
(BSFC) increased with increasing DMC blend levels compared to diesel fuel.
 2016 Elsevier Ltd. All rights reserved.1. Introduction
Diesel exhaust and specific components within that exhaust
continue to receive attention because of their adverse health
effects and environmental impacts [1,2]. In California, diesel partic-
ulate matter (PM) has been classified as a toxic air pollutant since
1998 [3]. On a federal level, the United States Environmental Pro-
tection Agency (USEPA) enacted stringent 2007 emission standards
for heavy-duty diesel engines to reduce PM on-road to 0.0134 g/
kW h [4]. In addition to diesel PM, USEPA has been regulating
nitrogen oxides (NOx) emissions, a known pollutant that promotes
secondary organic aerosol formation and enhances ozone in the
presence of sunlight [5], from heavy-duty diesel engines with the
aim to achieve a 95% reduction in NOx emissions, effective as of2010 [4]. To meet the USEPA standards, common approaches for
PM and NOx emissions reductions include the use of diesel partic-
ulate filters (DPFs) and selective catalytic reduction (SCR), respec-
tively [4,6]. In addition to the implementation of sophisticated
aftertreatment systems in automotive engines, new alternative
fuel formulations are being introduced into the fuel market that
are required to reach targets for renewable fuel use.
There is a growing interest in the use of renewable oxygenated
fuels either as replacements of, or additives to, petroleum-based
transportation fuels in internal combustion engines. Oxygenated
biofuels, such as ethanol and fatty acid methyl esters, are attractive
because they offer greenhouse gas (GHG) emission benefits, reduce
the tendency to form soot and black carbon emissions, help
address climate change, and reduce the dependence on fossil fuel
resources [7–9]. Carbonate esters (which consist of a carbonyl
group connecting two alkyl groups) are promising fuels for use in
compression ignition engines [10,11]. Dimethyl carbonate [CH3-
OC(@O)OCH3, DMC] is a fuel that generates interest primarily
due to its high oxygen content (53% by weight) [12]. DMC is
682 J. Yang et al. / Fuel 184 (2016) 681–688non-toxic, biodegradable, and highly miscible with diesel fuel. An
additional benefit is that DMC can be produced from methanol
and carbon dioxide (CO2) in the presence of a catalyst (usually
potassium chloride) providing a sink for the GHG, CO2 [13]. The
molecular structure of DMC includes oxygen atoms paired up with
carbon atoms to form CO. Hence, the absence of carbon-carbon
bonds in the fuel moiety will contribute to hydrocarbon oxidation
rather than participation in soot growth reactions [14].
There have been studies of the combustion performance and
emissions of diesel engines operating on DMC blends with petro-
leum diesel fuel [15–17]. Fundamental chemical kinetic studies
have shown that when DMC is tested in a flame much of the oxy-
gen in the dimethyl carbonate goes directly to CO2, which reduces
the effectiveness of DMC for soot reduction in diesel engines
[14,15]. Rubino and Thomson [18] observed a marked reduction
of soot precursors, such as acetylene and benzene, when using a
counter-flow propene/air diffusion flame to study the inhibition
of soot formation with DMC. This systematic tendency of DMC to
reduce soot was also confirmed in older studies, where soot and
smoke emissions declined almost linearly with increasing DMC
content [19,20]. Cheung et al. [21] investigated DMC-diesel blends
in a direct injection diesel engine and found small differences in
gaseous emissions, with some increases in carbon monoxide (CO)
and total hydrocarbons (THC), especially at lighter engine loads.
They also found significant reductions in PM mass and particle
number emissions with higher DMC concentrations, especially at
higher engine loads. Huang et al. [22] studied the combustion
and emissions characteristics of a diesel engine fueled with
DMC-diesel blends and found that the engine’s thermal efficiency
increases and the emissions of PM, THC, and CO decrease. Similar
reductions in PM emission were also seen in other studies with
DMC-diesel blends, as well as the potential of reducing benzene
and 1,3-butadiene emissions [23].
Motivated by previous studies published in the open literature,
as well as by the concerns regarding global climate change caused
by GHG emissions and the contribution of heavy-duty diesel engi-
nes to PM emissions, the present work investigates the impact of
DMC blending on regulated emissions, mobile source air toxics
(MSATs) that include some aromatics and carbonyl compounds,
and particulate emissions. For this study, emission measurements
were performed on 5%, 12.5%, 20%, and 30% DMC blends by vol-
ume. Testing was conducted on a 1991 Detroit Diesel Corporation
(DDC) Series 60 engine over the standard Federal Test Procedure
(FTP) cycle. The results of this work are discussed in the context
of different DMC-diesel concentration and the influence of DMC
properties on pollutant formation.2. Experimental
2.1. Test fuels
A total of six fuels were employed in this study. The baseline
fuel was a typical on-road CARB ultra-low sulfur diesel (ULSD).
The DMC was provided by Yashentech Corporation of China. The
DMC was produced using carbon dioxide and methanol as the only
feedstock. Typical properties of DMC include a cetane number of
35.5, a viscosity (at 40 C) of 0.6 mm2/s, and calorific value of
15.8 MJ/kg [23]. The CARB ULSD was used to prepare blends with
the DMC at proportions of 5% (denoted as DMC5), 12.5% (denoted
as DMC12.5), 20% (denoted as DMC20), and 30% (denoted as
DMC30) by volume. The blends were tested over two testing peri-
ods. The initial tests included a CARB ULSD and DMC20 blend. A
second set of tests was then conducted on a CARB ULSD and a
wider range of blends, including DMC5, DMC12.5, and DMC30.
Although a different CARB ULSD was obtained for each of thetwo test periods, CARB diesel fuels are all certified to have emis-
sions comparable to those of a 10% aromatic reference fuel, so it
is expected that the two CARB ULSDs would have similar emissions
characteristics.
2.2. Test engines, cycles, and test sequence
Testing was conducted on a 1991 model year Detroit Diesel Cor-
poration (DDC) Series 60 engine. The engine had a displacement of
11.1 L, 6 cylinders in-line, and a rated horsepower of 360 hp at
1800 rpm, and was equipped with electronically controlled unit
fuel injectors and a turbocharger with an aftercooler. The 1991
DDC Series 60 engine is the engine that has traditionally been used
for the emissions equivalent diesel certification procedure in Cali-
fornia, so it is one of the most widely tested engines in terms of
studying CARB diesel fuels.
Emissions testing were conducted over the Federal Test Proce-
dure (FTP) cycle for heavy-duty engines. The test matrix included
3 FTPs on each test fuel for each of the test periods. For each test
period, an engine map was obtained for the CARB ULSD that was
used for the testing on all fuels to provide a consistent basis for
comparing the fuels.
2.3. Emissions testing
All tests were conducted in CE-CERT’s heavy-duty engine
dynamometer laboratory. This laboratory is equipped with a 600-
hp General Electric DC electric engine dynamometer. Emissions
measurements were obtained using the CE-CERT Mobile Emissions
Laboratory (MEL). The facility and sampling setup have been
described in detail previously and are only discussed briefly here
[24]. For all tests, standard emissions measurements of THC, CO,
NOx, carbon dioxide (CO2), and PM, were measured. CO and CO2
emissions were measured with a 602P nondispersive infrared
(NDIR) analyzer from California Analytical Instruments (CAI). THC
emissions was measured with a 600HFID flame ionization detector
(FID) from CAI. NOx emissions were measured with a 600HPLC
chemiluminescence analyzer from CAI. Fuel consumption was
determined from these emissions measurements via carbon bal-
ance using the densities and carbon weight fractions from the fuel
analysis. The mass concentrations of PM were obtained by analysis
of particulates collected on 47 mm diameter 2 lm pore Teflon fil-
ters (Whatman brand). The filters were measured for net gains
using a UMX2 ultra precision microbalance with buoyancy correc-
tion following the weighing procedure guidelines of the Code of
Federal Regulations (CFR).
Particle number measurements were made with a TSI model
3776 ultrafine condensation particle counter (CPC), with a cut
point of 2.5 nm. Particle size distributions were obtained using
an Engine Exhaust Particle Sizer (EEPS) spectrometer. The EEPS
(TSI 3090, MCU firmware version 3.05) was used to obtain real-
time second-by-second size distributions between 5.6 and
560 nm. Particles were sampled at a flow rate of 10 L/min, which
is considered to be high enough to minimize diffusional losses.
The sample flow first went through a cyclone, which removes par-
ticles larger than 1 lm in diameter. Then, they were then charged
with a corona charger and sized based on their electrical mobility
in an electrical field. Concentrations were determined through the
use of 22 ring-shaped electrometers. All the data were post-
processed under the newly released ‘soot’ matrix from TSI.
Samples for carbonyl analysis were collected onto 2,4-
dinitrophenylhydrazine (DNPH) coated silica cartridges (Waters
Corp., Milford, MA). A critical flow orifice controlled the flow to
1.0 L/min through the cartridge. Sampled cartridges were extracted
using 5 mL of acetonitrile and injected into an Agilent 1200 series
high performance liquid chromatograph (HPLC) equipped with a
J. Yang et al. / Fuel 184 (2016) 681–688 683variable wavelength detector. The column used was a 5 lm Delta-
bond AK resolution (200 cm  4.6 mm ID) with an upstream guard
column. The HPLC sample injection and operating conditions were
set up according to the specifications of the SAE 930142HP proto-
col. Samples from the dilution air were collected for background
corrections.
Hydrocarbon species were collected using a 6 L specially-
prepared SUMMA passivated canister, which was connected to
the CVS system. Analysis of the hydrocarbon species was con-
ducted using a Gas Chromatography/Mass Spectrometry/Flame
Ionization Detector (GC/MS/FID) analytical system with the stan-
dard PAMS Protocol Compendium Method TO-15.3. Results and discussion
The following figures/tables present the results of this study.
The results shown in the figures/tables represent the average of
all test runs performed on that fuel for the specific test segment.
The error bars represent one standard deviation on the average
value. Statistical analyses were performed using a 2-tailed, 2-
sample, equal-variance t-test. The statistical analyses provide
information on the statistical significance of the different individ-
ual findings. The following discussion focuses predominantly on
results that were found to be either statistically significant or mar-
ginally statistically significant. Results are considered to be statis-
tically significant for p values 60.05. Results are considered
marginally statistically significant for 0.05 6 p < 0.1. It should be
noted that the CARB ULSD results are presented separately for
the different test periods, and are shown with different bars in
the figures, denoted as CARB #1 and CARB #2.
3.1. PM mass, particle number, and particle size distributions
Emissions of PM mass, expressed on a gram per brake horse-
power hour (g/bhp-h) basis, for the different DMC blends tested
over the two periods are shown in Fig. 1. Overall, PM mass emis-
sions showed substantial reductions with DMC application com-
pared to CARB ULSD ranging from 30% to 78%, with these
reductions being statistically significant. The results reported here
are in good agreement with previous studies showing strong
reductions in PM and soot emissions with DMC-diesel blends
[16,17,25,26], as well as studies of other oxygenates such as biodie-
sel [27–30]. In comparison with biodiesel, however, the percentage
reductions for the DMC are much larger than those seen for biodie-
sel for a comparable blend level.Fig. 1. Average PM mass emission results for the DMC blends and CARB ULSD. The
error bars represent one standard deviation of the average values.There are several contributing factors that could be affecting the
formation of PM with oxygenated fuels. The presence of oxygen in
the fuel can lead to PM reductions due to its impact on reducing
excessively rich zones during combustion. A comparison between
the PM reductions as a function of oxygen content is provided in
Fig. 2. This comparison shows that at lower blend levels the PM
reductions for DMC and biodiesel both seem to be driven by the
impact of oxygen on PM formation during combustion. For oxygen
contents above 10%, however, the DMC shows slightly greater
reductions on a per oxygen basis. This indicates that synergistic
effects of DMC’s chemical structure and physical properties may
also be of importance at the higher oxygen levels. The absent of
CAC bonds in DMC could reduce the formation of the precursor
soot species, such as acetylene (C2H2) and benzene (C6H6) [18].
On the other hand, the production of free radicals (O, OH, etc.)
with DMC combustion would promote the carbon oxidation to
CO and CO2 within the premixed flame zone, thus limiting the car-
bon available and modifying the path for the formation of soot
[25,31]. DMC also has a lower viscosity and boiling point and a
lower cetane number compared to diesel fuel. This may also lead
to an increase in ignition delay together with an increase in the
amount of fuel burned in the premixed combustion phase, since
it was expected that the fuel atomized in smaller fuel droplets
and at faster rates of vaporization and thus increasing the effi-
ciency of fuel and air mixing prior to the start of combustion
[16,19,25,32–34]. These phenomena would reduce the amount of
fuel burned in the diffusion mode and hence suppress the forma-
tion of soot and subsequently PM emissions.
Particle number emissions are shown in Fig. 3. The use of DMC
resulted in statistically significant increases in particle number
emissions compared to CARB ULSD, ranging from 66% to 141%.
Our results are in contrast with those seen in previous studies of
DMC where particle number emissions showed reductions with
higher concentrations of DMC in diesel fuel [21,25,33]. Zhang and
Balasubramanian [25] found reductions in particle number emis-
sions of 25.1% and 36.1% for 5% and 10% DMC blends, respectively,
based on measurements with a fast mobility particle sizer (FMPS),
while Cheung et al. [21] also showed reductions in particle number
on average of 21% and 37%, for 9.1–18.6% DMC blends, respectively.
On the other hand, similar increases in PN have also been seen in
studies of DME [35]. Under the present test conditions, the increase
in particle number emissions could be associated with the fuel’s
oxygen atoms through the formation of hydroxyl radicals that
can consume the soot precursors, thus yielding a reduction in soot
formation [36]. The corresponding decreased surface area of sootPM Reducon(DMC)= -29.935x2 + 9.7652x + 0.0032
R² = 0.9996
PM Reducon(Biodiesel) = -41.826x2 + 10.102x
R² = 0.9996
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Fig. 3. Average particle number emission results for the DMC blends and CARB
ULSD. The error bars represent one standard deviation of the average values.
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species would promote the formation of nanoparticles by homoge-
nous nucleation. This phenomenon results in an increase in the
total particle number population [37].
The average particle size distributions for all test fuels are dis-
played in Fig. 4(A and B). The results show, that for each DMC
blend, there is a shift towards lower concentrations of accumula-
tion mode particles and substantially higher concentrations of
nucleation mode particles. The results reported here are consistent
with those of the total particle number emissions. In particular,Fig. 4. (A and B): Particle size distributions for CARB ULSD and the DMC blends.with a suppression of soot nuclei growth at the core of fuel dro-
plets, homogeneous nucleation can be enhanced. It was also possi-
ble that condensed droplets of unburned and partially burned fuel
account for a significant proportion of nucleation mode particles
observed for the DMC blends. This could be a plausible explanation
for the higher concentrations of nucleation mode particles with the
DMC blends, since DMC possesses a lower boiling point than typi-
cal diesel fuel and emits higher levels of nucleation mode particles.
Previous studies have shown a shift of the geometric mean diame-
ter of particles towards smaller sizes in comparison to diesel fuel,
primarily due to the fuel-borne oxygen [23,33]. Increases in nucle-
ation particles have also been seen in studies of DME [35]. In a
recent investigation, Zhang and Balasubramanian [25] found that
particle size distributions consisted of only an accumulation mode
at the 50% and 75% loads. At the 25% load, the particle size distri-
bution was bimodal, but the accumulation mode particles were
considerably higher in concentration compared to the nucleation
mode particles. The nature of these differences could be due to dif-
ferences in the testing conditions, as the testing in our study was
done over a transient cycle while the testing in the other study
was conducted at steady-state conditions.3.2. NOx emissions
The effect of DMC on NOx emissions is shown in Fig. 5. NOx
emissions showed increases of 3.2% and 3.1%, respectively, for
the higher DMC20 and DMC30 blends compared to CARB ULSD at
a statistically significant level, but no statistically significant differ-
ences for DMC5 and DMC12.5 blends. The higher NOx emissions for
the higher concentration DMC blends could be attributed to the
increased oxygen content in the fuel blend, and NOx increases have
been seen with other oxygenated fuels, such as biodiesel [8,27–
30,38,39]. For biodiesel, Mueller et al. [39] showed that more oxy-
genated charge air mixtures that are closer to stoichiometric at
ignition and in the standing premixed autoignition tend to produce
higher local and average in-cylinder temperatures, lower radiative
heat losses, and a shorter more advanced combustion, all factors
that would be expected to increase thermal NOx emissions. For
DMC blends, the lower cetane number also leads to longer ignition
delay and higher fraction of the premixed combustion phase, and
hence higher NOx emissions. A similar PM/NOx emissions trade-
off was observed in a previous investigation [17]. Previous studies
have also shown that the application of DMC can increase NOx
emissions [11,23], whereas other studies have reported minimal
changes in NOx emissions with DMC [16,21]. Murayama and co-
workers [20] have shown that NOx increases were very significantFig. 5. Average NOx emission results for the DMC blends and CARB ULSD. The error
bars represent one standard deviation of the average values.
Fig. 7. Average THC emission results for the DMC blends and CARB ULSD. The error
bars represent one standard deviation of the average values.
Fig. 8. Average CO2 emission results for the DMC blends and CARB ULSD. The error
bars represent one standard deviation of the average values.
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possibility of simultaneous reduction of PM and NOx emissions
when they applied a high EGR ratio in conjunction with oxy-
genated fuel combustion. Mei et al. [40] reported some increases
for a 10% DMC blend at a higher engine load, but no significant
changes at a lower engine load. On the contrary, Ren et al. [41]
found slight decreases in NOx emissions with increasing oxygen
content for DMC and other oxygenates.
3.3. CO and THC emissions
The CO emission results for the different DMC blends are shown
in Fig. 6 on a g/bhp-h basis. CO emissions showed consistent, sta-
tistically significant reductions for all DMC blends compared to
CARB ULSD, ranging from 26.3% to 61%. CO is a known product of
incomplete combustion, arising under fuel rich conditions. Consis-
tent with previous studies, our results attribute the reductions in
CO emissions of DMC blends relative to CARB ULSD to the provision
of oxygen in fuel rich zones and to more complete combustion
[16,21,41].
THC emissions showed systematic increases with the use of
DMC blends, at a statistically significant level (Fig. 7). The increases
in THC emissions ranged from 33% to 137% for DMC5 to DMC30
relative to CARB ULSD. The findings of this study are in line with
those of Lu et al. [42], but generally in contrast with the majority
of studies where they reported lower THC emissions with the
application of DMC-diesel blends as a consequence of the fuel-
borne oxygen [11,23,40,41]. A trend of increasing THC emissions
has also been seen with other oxygenates in diesel fuel, such as
ethanol-diesel blends [43,44]. THC, a product of incomplete com-
bustion, is formed where combustion is quenched [21]. It is theo-
rized that the higher THC emissions for the DMC blends were
likely produced due to quenching at the cylinder walls during
the mixture formation as a result of the higher latent heat of evap-
oration of DMC relative to diesel fuel, which caused the oxygenated
fuel in the blend to disperse to the crevice volumes of the combus-
tion chamber and then discharge from the cylinder during the
expanding stroke [42].
3.4. CO2 emissions and brake specific fuel consumption
The CO2 emission results are presented in Fig. 8. CO2 emissions
showed statistically significant increases for the DMC blends com-
pared to CARB ULSD, with the exception of DMC5. The increases in
CO2 emissions were in the range of 1.1%, 3.8%, and 4.7%, respec-
tively, for DMC12.5, DMC20, and DMC30. The CO2 increases wereFig. 6. Average CO emission results for the DMC blends and CARB ULSD. The error
bars represent one standard deviation of the average values.as expected and could be related to the generally higher carbon
content per unit of energy for DMC compared to typical diesel fuel.
The increases in the grams of carbon per unit of energy are approx-
imately 0.5%, 1.3%, 2.2%, and 3.5%, respectively, for DMC5,
DMC12.5, DMC20, and DMC30 compared to diesel fuel. These val-
ues are comparable to the percentage increases in CO2 emissions
that were observed in this study. Chemical kinetic modelling stud-
ies have also suggested that the DMC decomposition results in pro-
duction of CO2, an alkyl radical, and an alkyoxy radical [14,15].
Fig. 9 shows the brake specific fuel consumption (BSFC) for the
DMC blends on a gal/bhp-h basis. BSFC showed statistically signif-
icant increases for all of the DMC blends relative to CARB ULSD,
with the exception of DMC5. BSFC increased with increasing
DMC levels in diesel fuel, with increases on the range of 4.5%,
9.7%, and 14.6%, respectively, for DMC12.5, DMC20, and DMC30.
The higher BSFC with the application of DMC blends were as
expected and can be attributed to the lower energy content of
DMC compared to CARB ULSD. The heat value of DMC, at
15.78 MJ/kg, is considerably lower than that of diesel fuel, which
is around 42.5 MJ/kg [40]. The reductions in the energy density
per gallon are approximately 1.8%, 4.7%, 7.8%, and 12.2%, respec-
tively, for DMC5, DMC12.5, DMC20, and DMC30 compared to diesel
fuel. These values are comparable to the percentage increases in
BSFC that were observed in this study. Thus, the addition of DMC
leads to a drop in the volumetric energy density in the blended
Fig. 9. Average BSFC results for the DMC blends and CARB ULSD. The error bars
represent one standard deviation of the average values.
686 J. Yang et al. / Fuel 184 (2016) 681–688fuel, which leads to an increase in the fuel consumed per unit of
work for the DMC blended fuel.
3.5. Volatile organic compounds (VOCs) and carbonyl emissions
Fig. 10 presents the benzene, toluene, ethylbenzene, m/p-
xylene, and o-xylene compounds, collectively known as BTEX,
and the sum of VOCs for each test fuel, while Table 1 shows all
the VOC species quantified in the tailpipe. Benzene, a known car-
cinogen, was the dominant mono-aromatic hydrocarbon in the
exhaust followed by toluene and xylenes. Overall, the polyunsatu-
rated hydrocarbons (i.e., mono-aromatics and alkynes) increased
with the use of DMC blends relative to CARB ULSD. Particularly,
the increases for benzene and toluene emissions were statistically
significant for DMC12.5 and DMC30 blends. For the DMC blends
relative to CARB ULSD, increases for benzene emissions ranged
from 4.4% to 13.6%, for toluene ranged from 19.5% to 35%, for ethyl-
benzene ranged from 126% to 399%, for m/p-xylene ranged from
35% to 94%, and for o-xylene ranged from 50% to 102%. Further
increases for the DMC blends were also seen with the saturated
hydrocarbons, including ethane and propane. Interestingly, the
results reported here contradict those published in previous stud-
ies showing that the oxygen in DMC is the main driver for theFig. 10. Average BTEX emissions and total VOCs for the DMC blends and CARB
ULSD. The error bars represent one standard deviation of the average values.reduction in the formation of soot precursors, such as benzene,
acetylene, and other cyclization components [14,15,18,26]. In addi-
tion to BTEX species, ethylene, acetylene, propylene, butane, etc.
were also found to increase with DMC blending. The higher emis-
sion levels of these compounds is consistent with the higher THC
emissions observed for the DMC blends compared to CARB ULSD.
The higher concentrations of these compounds could be due to
quenching of the combustion flame, which could play a role in
the early stages of particle formation, and particularly semi-
volatile material that may also contribute to the enhancement of
nucleation mode particles, as seen in the particle size distributions
above.
The carbonyl emissions, expressed in mg/bhp-h, are shown in
Fig. 11. Formaldehyde and acetaldehyde were the dominant alde-
hydes in the exhaust followed by benzaldehyde and propionalde-
hyde. Heavier aldehydes were also present, but in lesser
amounts. These results are in reasonable agreement with other
studies showing the predominance of low molecular aldehydes
in the exhaust from oxygenated fuels [7,37,45,46]. The application
of DMC blends led to statistically significant higher formaldehyde
and acetaldehyde emissions relative to CARB ULSD, which could
be a consequence of the oxygen content in the fuel molecule. For
formaldehyde and acetaldehyde emissions, the increases for DMC
blends relative to CARB ULSD ranged from 117% to 171% and from
115% to 154%, respectively. It should be noted that carbonyls are
oxygenated hydrocarbons, and as such would have a reduced
response for THC FID measurements, so in terms of overall organic
material hydrocarbons, the increases with the DMC would be even
greater than those found for the THC FID measurements. Previous
studies have shown that formaldehyde is an important intermedi-
ate species in the DMC combustion, with H-atom abstraction from
DMC leading to the formation of formaldehyde and methoxyl rad-
ical (CH3OC@O) [14,47,48]. Acetaldehyde is primarily formed from
reactions involving the C2 species [15].4. Conclusions
As the use of renewable fuels continues to expand in the trans-
portation sector, it is important to continue to evaluate their over-
all impact on ambient air quality. Oxygenated fuels, and in
particular DMC, has been shown to reduce soot emissions when
blended with petroleum diesel fuel. The main goal of this study
was to assess the emissions performance of DMC when blended
with typical on-road CARB ULSD on a 1991 DDC Series 60 engine
over the FTP test cycle. PM emissions showed consistent, statisti-
cally significant reductions for all of the DMC blends. PM emissions
decreased with increasing DMC blend levels, ranging from 30 to
78% for the DMC5 to DMC30 blends. These reductions were signif-
icantly higher than those typically seen for biodiesel at a compara-
ble blend level. This can be attributed to the higher oxygen content
in the DMC molecule, with DMC’s chemical structure and physical
properties potentially also being of importance at the higher oxy-
gen levels. Particle number emissions followed opposite trends to
the PM mass and showed increases with increasing DMC blending.
The increases in particle number emissions for the DMC blends
were statistically significant, with the exception of DMC5. Consis-
tent with the particle number emission results, the application of
DMC resulted in higher concentrations of nucleation mode parti-
cles compared to CARB ULSD, suggesting a suppression of soot par-
ticles available for condensation of semi-volatile species and a
promotion of nucleation mode particles.
Emissions of NOx were generally increased, especially for the
higher DMC blends. The same observation holds for the THC emis-
sions, where the increases for the DMC blends relative to CARB
ULSD were at a statistically significant level. As expected, BSFC
Table 1
Hydrocarbon emissions results for CARB ULSD and the DMC blends.
Hydrocarbon species (g/bhp-h) CARB ULSD DMC5 DMC12.5 DMC30
Ethylene 0.0067 ± 0.0003 0.0072 ± 0.0002 0.0076 ± 0.0004 0.0091 ± 0.0002
Acetylene 0.0012 ± 0.0000 0.0013 ± 0.0000 0.0013 ± 0.0001 0.0015 ± 0.0000
Ethane 0.0003 ± 0.0000 0.0006 ± 0.0001 0.0006 ± 0.0005 0.0005 ± 0.0000
Propylene 0.0024 ± 0.0001 0.0027 ± 0.0001 0.0029 ± 0.0001 0.0034 ± 0.0000
Propane 0.0002 ± 0.0000 0.0005 ± 0.0002 0.0004 ± 0.0003 0.0004 ± 0.0000
Isobutane 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0001 0.0001 ± 0.0000
1-Butene 0.0007 ± 0.0000 0.0007 ± 0.0000 0.0008 ± 0.0000 0.0010 ± 0.0000
n-Butane 0.0001 ± 0.0000 0.0002 ± 0.0000 0.0002 ± 0.0001 0.0001 ± 0.0000
trans-2-Butene 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0002 ± 0.0000 0.0002 ± 0.0000
cis-2-Butene 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0002 ± 0.0002 0.0001 ± 0.0000
Isopentane 0.0001 ± 0.0000 0.0002 ± 0.0001 0.0002 ± 0.0001 0.0002 ± 0.0000
1-Pentene 0.0003 ± 0.0000 0.0003 ± 0.0000 0.0004 ± 0.0000 0.0004 ± 0.0000
n-Pentene 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0001 0.0001 ± 0.0000
Isoprene 0.0001 ± 0.0000 0.0002 ± 0.0000 0.0001 ± 0.0001 0.0000 ± 0.0000
trans-2-Pentene 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
1-Hexene 0.0002 ± 0.0000 0.0003 ± 0.0000 0.0003 ± 0.0000 0.0003 ± 0.0000
n-Hexene 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
Benzene 0.0006 ± 0.0000 0.0007 ± 0.0000 0.0007 ± 0.0000 0.0007 ± 0.0000
n-Heptane 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
Methylcyclohexane 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
Toluene 0.0003 ± 0.0000 0.0004 ± 0.0000 0.0005 ± 0.0001 0.0005 ± 0.0000
2-Methylheptane 0.0000 ± 0.0001 0.0000 ± 0.0001 0.0001 ± 0.0000 0.0001 ± 0.0000
n-Octane 0.0001 ± 0.0000 0.0002 ± 0.0000 0.0003 ± 0.0000 0.0003 ± 0.0000
Ethylbenzene 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
m/p-Xylenes 0.0002 ± 0.0000 0.0002 ± 0.0000 0.0003 ± 0.0001 0.0003 ± 0.0000
o-Xylene 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0002 ± 0.0000
Nonane 0.0002 ± 0.0000 0.0003 ± 0.0000 0.0004 ± 0.0000 0.0004 ± 0.0000
Isopropylbenzene 0.0007 ± 0.0009 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000
m-Ethyltoluene 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
1,3,5-Trimethylbenzene 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
o-Ethyltoluene 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
1,2,4-Trimethylbenzene 0.0001 ± 0.0000 0.0002 ± 0.0000 0.0003 ± 0.0000 0.0003 ± 0.0000
n-Decane 0.0004 ± 0.0000 0.0006 ± 0.0000 0.0007 ± 0.0001 0.0008 ± 0.0000
1,2,3-Trimethylbenzene 0.0000 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000 0.0001 ± 0.0000
m-Diethylbenzene 0.0001 ± 0.0001 0.0001 ± 0.0000 0.0001 ± 0.0001 0.0000 ± 0.0000
p-Diethylbenzene 0.0001 ± 0.0000 0.0002 ± 0.0000 0.0001 ± 0.0001 0.0000 ± 0.0000
n-Undecane 0.0005 ± 0.0000 0.0007 ± 0.0000 0.0008 ± 0.0000 0.0009 ± 0.0000
n-Dodecane 0.0006 ± 0.0000 0.0009 ± 0.0000 0.0009 ± 0.0000 0.0011 ± 0.0000
Fig. 11. Average carbonyl emission results for the DMC blends and CARB ULSD. The
error bars represent one standard deviation of the average values.
J. Yang et al. / Fuel 184 (2016) 681–688 687showed increases with the DMC blends as a result of the lower
energy content of DMC compared to diesel fuel. On the other hand,
CO emissions showed clear reductions with the use of DMC blends
at a statistically significant level. Overall, the use of DMC led to
increases in BTEX emissions and most VOCs relative to CARB ULSD,
including the carcinogenic benzene. It was observed that mono-
aromatic and polyunsaturated hydrocarbons that are known soot
precursors showed increases with increasing DMC blending.
Formaldehyde and acetaldehyde were the predominant aldehydes
in the exhaust, and the use of DMC resulted in higher aldehyde
levels compared to CARB ULSD.Acknowledgements
We acknowledge funding from the National Center for Sustain-
able Transportation and from Yashentech LLC. The authors thank
Mr. Don Pacocha, Mr. Mark Villela and Mr. Eddie O’Neal of the
University of California, Riverside for their contribution in conduct-
ing the emissions testing for this program.
References
[1] Mills NL, Torngvist H, Robinson SD, Gonzalez M, Darnley K, MacNee W, et al.
Diesel exhaust inhalation causes vascular dysfunction and impaired
endogenous fibrinolysis. Circulation 2005;112:3930–6.
[2] Nel AE, Diaz-Sanchez D, Ng D, Hiura T, Saxon A. Enhancement off allergic
inflammation by the interaction between diesel exhaust particles and the
immune system. J Allergy Clin Immunol 1998;102:539–54.
[3] Resolution 98-35: Identification of particulate emissions from diesel-fueled
engines as a toxic air contaminant. <http://www.arb.ca.gov/regact/diesltac/
res98-35>. California Air Resources Board, 1998.
[4] Johnson T. Vehicular emissions in review. SAE Int J Eng 2016;9. http://dx.doi.
org/10.4271/2016-01-0919.
[5] Wofsy SC, Logan JA, Sillman S. The sensitivity of ozone to nitrogen oxides and
hydrocarbons in regional ozone episodes. J Geophys Res 1990;95:1837–51.
[6] Herner JD, Hu S, Robertson WH, Huai T, Collins JF, Dwyer H, et al. Effect of
advanced aftertreatment for PM and NOx control on heavy-duty diesel truck
emissions. Environ Sci Technol 2009;43:5928–33.
[7] Karavalakis G, Short D, Vu D, Villela M, Asa-Awuku A, Durbin TD. Evaluating
the regulated emissions, air toxics, ultrafine particles, and black carbon from
SI-PFI and SI-DI vehicles operating on different ethanol and iso-butanol blends.
Fuel 2014;128:410–21.
[8] Hajbabaei M, Karavalakis G, Johnson KC, Guthrie J, Mitchell A, Durbin TD.
Impacts of biodiesel feedstock and additives on criteria emissions from a
heavy-duty engine. Fuel Process Technol 2014;126:402–14.
[9] Ratcliff MA, Burton J, Sindler P, Christensen E, Fouts L, Chupka GM, et al. Knock
resistance and fine particle emissions for several biomass-derived oxygenates
688 J. Yang et al. / Fuel 184 (2016) 681–688in a direct-injection spark-ignition engine. SAE Technical Paper 2016; 2016-
01-0705.
[10] Kumar BR, Saravanan S. Partially premixed low temperature combustion using
dimethyl carbonate (DMC) in a DI diesel engine for favorable smoke/NOx
emissions. Fuel 2016;180:396–406.
[11] Sivalakshmi S, Balusamy T. Effects of dimethylcarbonate-biodiesel blends on
the combustion, performance and exhaust emissions of a DI diesel engine. SAE
Technical Paper 2012; 2012-01-0870.
[12] Pacheco MA, Marshall CL. Review of dimethyl carbonate (DMC) manufacture
and its characteristics as fuel additive. Energy Fuels 1997;11:2–29.
[13] Souza LFS, Ferreira PRR, de Medeiros JL, Aves RMB, Araujo OQF. Production of
DMC from CO2 via indirect route: technical-economical-environmental
assessment and analysis. ACS Sustain Chem Eng 2014;2:62–9.
[14] Glaude PA, Pitz WI, Thomson MJ. Chemical kinetic modeling of dimethyl
carbonate in an opposed-flow diffusion flame. Proc Combust Inst
2005;30:1111–8.
[15] Sun W, Yang B, Hansen N, Westbrook CK, Zhang F, Wang G, et al. An
experimental and kinetic modeling study on dimethyl carbonate (DMC)
pyrolysis and combustion. Combust Flame 2016;164:224–38.
[16] Kocis D, Song K, Lee H, Litzinger T. Effects of dimethoxymethane and
dimethylcarbonate on soot production in an optically-accessible DI diesel
engine. SAE Technical Paper 2000; 2000-01-2795.
[17] Kozak M, Merkisz J, Bielaczyc P, Szczotka A. The influence of oxygenated diesel
fuels on a diesel vehicle PM/NOx emission trade-off. SAE Technical Paper
2009; 2009-01-2996.
[18] Rubino L, Thomson MJ. The effect of oxygenated additives on soot precursor
formation in a couterflow diffusion flame. SAE Technical Paper 1999; 1999-01-
3589.
[19] Miyamoto N, Ogawa H, Nurun NM, Obata K, Arima T. Smokeless, low NOx, high
thermal efficiency, and low noise diesel combustion with oxygenated agents
as main fuel. SAE Technical Paper 1998; 980506.
[20] Murayama T, Zheng M, Chikahisa T, Oh Y-T, Fujiwara Y, Tosaka S, et al.
Simultaneous reductions of smoke and NOx from a DI diesel engine with EGR
and dimethyl carbonate. SAE Technical Paper 1995; 952518.
[21] Cheung CS, Zhu R, Huang Z. Investigation on the gaseous and particulate
emissions of a compression ignition engine fueled with diesel-dimethyl
carbonate blends. Sci Total Environ 2011;409:523–9.
[22] Huang ZH, Jiang DM, Zeng K, Liu B, Yang ZL. Combustion characteristics and
heat release analysis of a direct injection compression ignition engine fuelled
with diesel-dimethyl carbonate blends. Proc Inst Mech Eng Part D: J
Automobile Eng 2003;217:595–605.
[23] Rounce P, Tsolakis A, Leung P, York APE. A comparison of diesel and biodiesel
emissions using dimethyl carbonate as an oxygenated additive. Energy Fuels
2010;24:4812–9.
[24] Cocker DR, Shah S, Johnson K, Miller JW, Norbeck J. Development and
application of a mobile laboratory for measuring emissions from diesel
engines. I regulated gaseous emissions. Environ Sci Technol 2004;38:2182–9.
[25] Zhang ZH, Balasubramanian R. Effect of oxygenated fuels on physicochemical
and toxicological characteristics of diesel particulate emissions. Environ Sci
Technol 2014;48:14805–13.
[26] Kitagawa H, Murayama T, Tosaka S, Fujiwara Y. The effect of oxygenated fuel
additive on the reduction of diesel exhaust particulates. SAE Technical Paper
2001; 2001-01-2020.
[27] U.S Environmental Protection Agency. A comprehensive analysis of biodiesel
impacts on exhaust emissions. EPA Draft Final Report; 2002.
[28] Hajbabaei M, Johnson KC, Okamoto R, Durbin TD. Evaluation of the impacts of
biofuels on emissions for a California-Certified Diesel Fuel from Heavy-Duty
Engines. SAE Technical Paper 2013; 2013-01-1138.[29] Giakoumis EG, Rakopoulos CD, Dimaratos AM, Rakopoulos DC. Exhaust
emissions of diesel engines operating under transient conditions with
biodiesel fuel blends. Prog Energy Combust Sci 2012;38:691–715.
[30] Robbins C, Hoekman SK, Ceniceros E, Natarajan M. Effects of biodiesel fuels
upon criteria emissions. SAE Technical Paper 2011; 2011-01-1943.
[31] Cheng AS, Dibble RW, Buchholz BA. The effect of oxygenates on diesel engine
particulate matter. SAE Technical Paper 2002; 2002-01-1705.
[32] Wu ZJ, Zhu ZY, Huang Z. An experimental study on the spray structure of
oxygenated fuel using laser-based visualization and particle image
velocimetry. Fuel 2006;85:1458–64.
[33] Zhu R, Cheung CS, Huang Z. Particulate emission characteristics of a
compression ignition engine fueled with diesel-DMC blends. Aerosol Sci
Technol 2011;45:137–47.
[34] Hellier P, Ladommatos N, Allan R, Rogerson J. Influence of carbonate ester
molecular structure on compression ignition combustion and emissions.
Energy Fuels 2013;27:5222–45.
[35] Kwak JH, Kim HS, Lee JH, Lee SH. On-road chasing measurement of exhaust
particle emissions from diesel, CNG, LPG, and DME-fueled vehicles using a
mobile emission laboratory. Int J Automotive Technol 2014;15:543–51.
[36] Song J, Cheenkachorn K, Wang J, Perez J, Boehman AL. Effect of oxygenated fuel
on combustion and emissions in a light-duty turbo diesel engine. Energy Fuels
2002;16:294–301.
[37] Fontaras G, Karavalakis G, Kousoulidou M, Tzamkiozis T, Ntziachristos L,
Bakeas E, et al. Effects of biodiesel on passenger car fuel consumption,
regulated and non-regulated pollutant emissions over legislated and real-
world driving cycles. Fuel 2009;88:1608–17.
[38] Hajbabaei M, Johnson K, Okomoto R, Durbin TD. Evaluation of the impacts of
biodiesel and second generation biofuels on NOx emissions for clean diesel
fuels. Environ Sci Technol 2012;46:9163–73.
[39] Mueller C, Boehman A, Martin G. An experimental investigation of the origin of
increased NOx emissions when fueling a heavy-duty compression-ignition
engine with soy biodiesel. SAE Technical Paper 2009; 2009-01-1792.
[40] Mei D, Hielscher K, Baar R. Study on combustion process and emissions of a
single-cylinder diesel engine fueled with DMC/diesel blend. J Energy Eng
2014;140:04013004.
[41] Ren Y, Huang ZH, Miao HY, Di YG, Jiang DM, Zeng K, et al. Combustion and
emissions of a DI diesel engine fueled with diesel-oxygenate blends. Fuel
2008;87:2691–7.
[42] Lu XC, Yang JG, Zhang WG, Huang Z. Improving the combustion and emissions
of direct injection compression ignition engines using oxygenated fuel
additives combined with a cetane number improver. Energy Fuels
2005;19:1879–88.
[43] Li DG, Zhen H, Xingcai L, Wu-Gao Z, Jian-Guang Y. Physico-chemical properties
of ethanol–diesel blend fuel and its effect on performance and emissions of
diesel engines. Renewable Energy 2005;30:967–76.
[44] Merritt PM, Ulmet V, McCormick R. Regulated and unregulated exhaust
emissions comparison for three tier II non-road diesel engines operating on
ethanol-diesel blends. SAE Technical Paper 2005; 2005-01-2193.
[45] Correa SM, Arbilla G. Carbonyl emissions in diesel and biodiesel exhaust.
Atmos Environ 2008;42:769–75.
[46] Nord KE, Haupt D. Reducing the emission of particles from diesel engine by
adding an oxygenate to the fuel. Environ Sci Technol 2005;39:6260–5.
[47] Chen G, Yu W, Fu J, Mo J, Huang Z, Yang J, et al. Experimental and modeling
study of the effects of adding oxygenated fuels to premixed n-heptane flames.
Combust Flame 2012;159:2324–35.
[48] Sinha A, Thomson MJ. The chemical structures of opposed flow diffusion
flames of C3 oxygenated hydrocarbons (isopropanol, dimethoxy methane, and
dimethyl carbonate) and their mixtures. Combust Flame 2004;136:548–56.
